The paper presents kinetics of osmotic dehydration of plums in relation to the treatment time and concentration of sucrose solution. The main aim of the study was polyoptimisation of the preservation process, namely selection of optimal parameters of osmotic dehydration processes including changes in selected quality indicators. Defining of optimal conditions of the entire course of preservation may influence limitation of consumption of preserving substances (osmotic substances) and reduction of the energy demand. Based on the research which was carried out, it was found that parameters of osmotic dehydration had a significant impact on mass transfer coefficients and physico-chemical indicators of fruit -along with the increase of concentration of osmotic solution and extension of the time of the process, the increase of the investigated sizes was observed. In the second part of the paper, optimization of the fruit preservation process was performed. The idea of the objective function consisted in minimization of the difference between the expected values of criteria and the values obtained from the experimental results. For the defined scalar optimization criterion an explicit relation between quality and cost of the product was showed. 
The paper presents kinetics of osmotic dehydration of plums in relation to the treatment time and concentration of sucrose solution. The main aim of the study was polyoptimisation of the preservation process, namely selection of optimal parameters of osmotic dehydration processes including changes in selected quality indicators. Defining of optimal conditions of the entire course of preservation may influence limitation of consumption of preserving substances (osmotic substances) and reduction of the energy demand. Based on the research which was carried out, it was found that parameters of osmotic dehydration had a significant impact on mass transfer coefficients and physico-chemical indicators of fruit -along with the increase of concentration of osmotic solution and extension of the time of the process, the increase of the investigated sizes was observed. In the second part of the paper, optimization of the fruit preservation process was performed. The idea of the objective function consisted in minimization of the difference between the expected values of criteria and the values obtained from the experimental results. For the defined scalar optimization criterion an explicit relation between quality and cost of the product was showed.
Introduction
The osmotic dehydration process consists in removal of water from a material with cell structure (e.g. fruit and vegetables) to reduce water activity (Matusek and Meresz, 2002) . Thanks to this method, a phase transition does not take place in a product but a chemical composition changes (dry substance increases, significant changes of water activity (Escriche et al., 2000 , Gruda et al. 1999 . Thus, the main aim of this technique in food processing is improvement of the quality of the final product, particularly in case of various plant raw materials (Kowalska, 2006; Mayor, 2006; Rastogi, 2002; Soliva-Fortuny and Belloso, 2003) .
During osmotic dehydration, multidirectional mass transfer takes place under the influence of the osmotic pressure gradient which form at the borderline of solutions caused by a difference in concentrations (Matusek and Meresz, 2002; Rahman and Perera, 2007) . Osmotic dehydration is a mass transition process, which is influenced by many factors. Kinetics of this process is described, as a rule, as water loss (WL), solid gain (SG), and mass reduction (Shi, 2008) . The total mass transfer during dehydration depends on a large number of factors. By a change of the process conditions, raw materials' properties (characteristic structure) it is possible to obtain a product with a varied level of dehydration and saturation with osmotic substance (Bekele and Ramaswamy, 2010) .
Optimisation is a complex activity which aims at finding the best variant of the solution of a given task with keeping all limitations. Even more popular is a belief that optimisation treatments are purposeful and even necessary in present times due to a growth of global competition, consumption, and production in the world with simultaneous drastic reduction of natural resources. Quality, which we want to maximize − always depends on many factors which we call attributes of quality. For a decision-maker and in a specific situation, it may have a varied significance (Tarnowski, 2011) .
The first aim of the paper was to define kinetics of osmotic dehydration of plums in relation to the processing time and concentration of sucrose solutions. Whereas, the main objective of the paper was polyoptimisation of the preservation process, namely selection of optimal osmotic dehydration processes including changes of selected quality indicators. Defining of the best conditions of the entire course of preservation may further influence a limitation of consumption of preserving substances (osmotic substances) and reduction of the energy consumption.
Material and research methods
Research material consisted in 'common plum' (Prunus domestica L.). The investigated variety of plums was obtained from an orchard in Skierniewice where a good horticultural practice is applied (an integrated production method). Harvesting of fruit took place in the following years : 2008, 2009 and 2010 at the end of September. Mature, healthy material with similar dimensions was used in the research. Fruits were assessed on account of cultivar uniformity. Features that completely disqualified the material were any signs of mould, fermentation, infestation, decay. Raw material was initially cleaned to remove organic or mineral contaminations and, to some degree, also superficial microflora. Pedicels and stones were removed from plums by manual drilling. Osmotic dehydration of halves of plums was carried out in sucrose solutions with concentrations: 35, 45, 55 and 65%, during 1.5 and 3.0h, in the temperature of 20°C. Relation of the raw material mass to the mass of osmotic solution was1: 4. Dehydration was carried out in water bath with shaking type Elpin + type 357.
During dehydration, the following values were analysed. -Water loss (WL); -Increase of dry mass (SG); -Efficiency of osmotic dehydration (WL/SG);
Water loss and increment of dry mass in fruit that were osmotically dehydrated were determined based on the following equations (Kowalska, 2009; Panagiotou et al., 1999) .
where: mE -initial weight of a sample before dehydration, (g) M − mass of a sample after time t of osmotic dehydration, (g) m0
-initial content of dry mass, (% . The purpose of polyoptimisation was determination of the process settings at which the best quality product may be obtained at the simultaneous reduction of costs. Optimisation criteria were divided into two groups: criteria related to the quality of the product and criteria related to the production cost. The first criterion of quality was content of extract k1. Extract, according to a definition is a sum of all soluble and volatile solutions to the temperature of 100°C included in a product. It was assumed that the optimal value of this criterion should be the highest. The second criterion was the content of reducing saccharides k2. It was assumed that it should be the highest. The third criterion was a dry substance content in product k3. The content of dry mass is related to the amount of water in a product which directly translates into its shell life. Dry mass content should be thus the highest since then the most durable product is obtained (Bartosik et al., 2011 , Plawgo et al., 2009 ). The last criterion of the quality was the coefficient of osmotic dehydration intensity k4. A ratio of water loss and solid gain (WL/SG) is one of the indicators used for assessment of the osmotic dehydration efficiency. It is desirable to have a considerable reduction of water loss and high values of this coefficient indicate a good efficiency of the dehydration process (Kowalska, 2001) . Shifting to cost criteria, firstly costs related to the time of osmotic dehydration should be mentioned. It is obvious that dehydration time should be the shortest. Since, it is directly related to the time in which a product is manufactured. Another criterion concerns the costs of the osmotic solution. These costs should be the lowest possible. No symbols of those criteria were introduced because they are directly related to suitable single decision variables (Bartosik et al., 2011; Plawgo et al., 2009 ).
Results and discussion
Osmotic dehydration is a multidirectional mass exchange process, which is influenced by many factors. Kinetics of this process is described, as a rule, as water loss (WL), solid gain (SG), (Shi, 2008) . Along with the increase of osmotic solution concentration and extension of duration of the dehydration process, conditions of mass exchange towards the increase of its intensity, change. It influences the reduction of water content (WL) and permission of the osmotic substance (SG) in the dehydrated plant raw material.
In osmotically dehydrated plums in the sucrose solution, the value of coefficient of mass transition depended on the solution concentration and duration of the process (Table 1) . Together with the increase of the concentration of sucrose and extension of dehydration time the increase of the mentioned indicators took place.
The ratio of water loss and increment of dry substance growth (WL/SG) is one of the indicators used for assessment of the osmotic dehydration efficiency. It is desirable that considerable water content takes place at a small permission of osmotic substance. High values of this indicator show a good effectiveness of the dehydration process (Kowalska and Lenart, 2001) . The best effectiveness of osmotic dehydration (WL/SG) was obtained with the use of sucrose solution with concentration of 65% and the least effective was the process with the use of syrup with the concentration of 35% (table 1.). After 90 minutes, the value of ratio (WL/SG) in case of samples dehydrated in 65% solution of sucrose was − 2.50 at the concentration of 35% − 2.30. Extension of dehydration time to 180 minutes influenced a slight increase of osmotic dehydration efficiency coefficient respectively for fruit dehydrated in 65% solution − 2.258, 35% − 2.32. x − mean value; NIR -least significant difference at p = 0.05.
The efficiency of the process (WL/SG) in plums dehydrated in lower concentration of osmotic solution (35-45%) within the range of 90-180 minutes was at a similar level (2.30-2.35). It was observed that double extension of the time of contact of fruit with a dehydrated medium does not considerably affect the process efficiency like the concentration of osmotic solution which was proved by Mayor et al., and Sereno et al., who investigated kinetics of osmotic dehydration of apples and pumpkin (Mayor et al., 2006; Sereno et al., 2001) .
Each cultivar of fruit has a specific water, sugar, acids content. Moreover, it has individual mechanical properties, structure, and firmness of pulp. These features influence water content reduction, osmotic substance permission degree and physical properties of the chemical composition of osmotically dehydrated plums (Barat et al., 2001; Kowalska and Lenart, 2001 ). The final product obtained as a result of osmotic dehydration has a reduced water content and higher content of dry mass. Organic acids and other low-particulate substances soluble in water are removed together with water from fruit (mineral compounds, vitamins, colorants, simple sugars). While, the osmotic substance that permeate the plant tissue causes higher concentration of carbohydrates (Kowalska and Lenart, 2001; Kowalska, 2006; 2009) . Table 2 .
Value of selected physical and chemical indicators of osmotically dehydrated plums in sucrose solutions
Explanatory notes:
x − mean value; NIR -least significant difference at p = 0.05.
In osmotically dehydrated plums, the content of dry substance, extract and reducing saccharides depended statistically significantly on the concentration of sucrose solution and on the duration of the process. Along with the increase of the concentration of osmotic solutions and extension of the time of contact of fruit with sucrose syrup, the content of the mentioned elements increased (Table 2. ). The increase of dry mass of a substance, which resulted from the concentration of extract elements and osmotic substance depended on both the amount of the removed water and permeating sucrose. permeating of the osmotic substance to the dehydrated material, particularly to superficial layers, may affect and lead to formation of a barrier impeding a transfer of mass between a plant tissue and solution (Barat et al., 19981; Lazarides, 1995, Rastogi and Raghavarao, 2004) .
Obtained experimental results of physico-chemical tests served then to carry out the optimisation process. A collection of the settings of the dehydration process was selected as a collection of decision variables. This collection includes: -Osmotic dehydration time x1, -Osmotic solution concentration x2.
Limitations imposed on decision variables
Scalar criterion of optimisation takes the following form:
It consists of two modules. The first one is the quality criteria:
The second module is the cost criteria:
where: 
Figure 1. Criteria of quality and cost as a function of total weight
Function fjakość expresses a distance between point (k1_o, k2_o, k3_o, k4_o), and point (k1, k2, k3, k4) which is placed on the hypersurface of admissible criteria values. Function fcost expresses distance between the point with coordinates (x1min, x2min), and point (x1, x2) which belongs to the decision variables space. Searching for the minimum of the objective function was determined with the use of Matlab program. The presented coefficients of weight wi served for including subjective mutual significance of the assessment criteria.
Relations of quality and cost criteria as a function of the total weight were presented on diagram in figure 1. For quality criteria (wj) of quality significance they are 0.25 each, while cost weights 0.5. Figure 2 presents a relation of the main value of the objective function as a function of the total weight. The total weight amounting to 0 corresponds to a case of minimisation of the main value of the aim function due to the costs regardless the quality. Weight equal 1 -contrary. Figure 3 presents the function relations of quality and cost criteria as a function of the total weight and cost weight. Quality weights are 0.25 each. Figure 4 presents a relation of the objective function value as a function of the total weight and cost weight for the determined quality weights wj 0.25 each. Polyoptimisation algorithm and application in Matlab program presented in the paper enable determination of the set of values of non-dominated decision variables in the investigated process of osmotic dehydration. However, it depends on the decision-maker, which solution they will choose, and the presented schematic representation of the proceeding should be treated only as a tool that supports the decision-making process.
Conclusions
1. Parameters of osmotic dehydration had a significant impact on coefficients of mass exchange and physico-chemical indicators of fruit -along with the increase of concentration of osmotic solution and extension of the time of the process, the increase of the investigated sizes was observed. 2. For the assumed scalar criterion of optimisation, a manifest relation between a quality and product cost was shown. It was proved that combination of a linear additive scalar function with Euclidian metrics from a multidimensional space, gives an opportunity to control distances between points of these spaces in a few spaces at the same time.
OPTYMALIZACJA PROCESU ODWADNIANIA OSMOTYCZ-NEGO ŚLIWEK
Streszczenie. W pracy określono kinetykę procesu odwadniania osmotycznego śliwek w zależności od czasu obróbki i stężenia roztworów sacharozy. Głównym celem przeprowadzonych badań była polioptymalizacja procesu utrwalania, czyli dobór optymalnych parametrów procesu odwadniania osmotycznego z uwzględnieniem zmian wybranych wskaźników jakości. Zdefiniowanie optymalnych warunków całego toku utrwalania może wskazać możliwości ograniczenia zużycia środków utrwalających (substancji osmotycznych) oraz obniżenia zapotrzebowania na energię. Na podstawie przeprowadzonych badań stwierdzono, że parametry procesu odwadniania osmotycznego miały istotny wpływ na współczynniki wymiany masy i wskaźniki fizykochemiczne owoców -wraz ze zwiększeniem stężenia roztworu osmotycznego i wydłużeniem czasu procesu obserwowano zwiększenie badanych wielkości. W drugiej części pracy przeprowadzono optymalizację procesu utrwalania owoców. Idea funkcji celu polegała na minimalizowaniu różnicy pomiędzy oczekiwanymi wartościami kryteriów, a wartością tych kryteriów otrzymanych na podstawie eksperymentalnych wyników. Dla przyjętego skalarnego kryterium optymalizacji pokazana została jawna zależność pomiędzy jakością, a kosztami produktu.
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